Cytochemical differentiation between blood and lymphatic endothelium has been studied only in miaapssels; 5' -nucleotidase (5Nase) has been reported to be specific for lymphatic and alkaline phosphatase (ALPase) for blood endothelium. Adenylate and guanylate cyclase (AC and GC) have recently been proposed as lymphatic endothelial markers, but conflicting data exist. This study was designed to vefi the presence of these enzymes in the endothelium of large vessels and to determine whether they are retained in endothelial cells (ECs) in culture. Segments of bovine mesenteric arteries, veins, and lymphatic collectors, and EC cultures obtained by collagenase treatment of the same vessels, were assayed for S'Nase, ALPase, AC, and GC, and were observed by transmission electron microscopy. We found ALF'ase activity in 42: [1109][1110][1111][1112][1113][1114][1115] 1994) 
Introduction
The lymphatic endothelium arises from the endothelium of veins during the development of primitive vessels and exhibits early specificity, since lymphatic proliferating plexuses avoid contact with blood capillaries and do not fuse with them (1) .
The endothelial cells (ECs) of initial lymphatics can be ultrastructurally differentiated from blood endothelial cells because they possess peculiar morphological features that favor absorption processes: their basement membrane is discontinuous, and the socalled "anchoring filaments" extend from the abluminal side into the adjoining connective tissue (2) . In edema they cause distancing of EO, dilating the vessel lumen and opening intercellular contacts. Lymphatic and blood microvessels can be distinguished histochemically because the lymphatic endothelium is characterized by strong nucleotidase (5'Nase) activity, whereas the blood capillary endothelium has significantly lower or no such activity (3) (4) (5) . The enzyme 5'Nase is a membrane-bound glycoprotein that specifically dephosphorylates 5'-mononudeotides, releasing the cor- blood and lymphatic vessels, and this was the only enzyme activity consistently retained under culture conditions. 5Nase was found in lymphatic but not in blood endothelium, as previously reported for miaovessels. AC and GC activity was found in blood but not in lymphatic endothelium. Hence, ALPase is not a useful marker to differentiate blood from lymphatic endothelium in large vessels, whereas 5'Nase is specific for lymphatic and AC and GC for blood endothelium. It is not dear why these enzyme activities are not expressed in culture. (J Histocbem Cytocbem responding nucleosides, such as adenosine from adenosine monophosphate and inorganic phosphate.
Alkaline phosphatase (ALPase) activity is markedly higher in blood than in lymphatic microvessels (3) (4) (5) . ALPase is another membrane-bound glycoprotein which catalyzes the hydrolysis of monophosphate esters at alkaline pH. Vascular endothelial cells possess the LBK (liver, bone, kidney) levamisole-sensitive, phenylalanine-resistant isoenzyme of ALPase (6):
Two other enzyme activities, adenylate cyclase and guanylate cyclase (AC and GC, respectively), have been claimed to differentiate blood and lymphatic capillary endothelium; however, the data on this subject are quite controversial. In fact, according to some authors (7, 8) , AC and GC would be localized on the endothelium of human foreskin lymphatics but not of blood capillaries. Other authors demonstrated instead that the endothelium of rodent cerebral vessels stains positively for AC (9) and the endothelium of rat cerebral microvessels for GC (10) .
AC catalyzes the formation of adenosine cyclic 3',5'-monophosphate (CAMP) from AlT GC catalyzes the formation of guanosine cyclic 3',5'-monophosphate (cGMP) from GTP. CAMP and cGMP are well-known intracellular messengers of hormones and neurotransmitters. However, cGMP is about 10 times less concentrated in the cell than CAMP, and GC is not always associated with the cell membrane, as is AC, but also occurs free in the cytoplasm.
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In culture, ECs of lymphatic and blood origin share the same morphological characteristics and some identification markers. They are immunoreactive for Factor VIII-related antigen (Factor VI11 RA) (1412) and possess the uluasuuctural organelles in which it is stored, the so-called Weibel-Palade bodies (13) (14) (15) . They are also capable of metabolizing acetylated low-density lipoproteins at an accelerated rate in comparison with other cell types (16J7). All the abovementioned data on cytochemical differentiation of blood and lymphatic endothelium are based on the study of microvessels. However, a number of differences have been reported between ECs from large and small blood vessels in culture (18) . which might be associated with differences in cytochemical characteristics. No comparative data have been published, to our knowledge, on the expression of cytochemical markers by ECs of lymphatic and blood origin in culture.
The aim of this study was to characterize cytochemically the endothelium of large blood and lymphatic vessels and to verdy whether the enzyme activities present in these vessels are retained under culture conditions.
Materials and Methods

Cell Caltwes
Lymphatic ECs were obtained from bovine mesentery by the method of Johnston and Walker (12) . Briefly, lymphatic collectors were outlined by injecting Evan's blue dye (0.1% in saline) into the lymph nodes. The vessels were dissected free from fat, cannulated at both extremities, washed with Dulbecco's PBS, filled with collagenase (2 mglml in PBS, 0.215 Ulmg activity) (Boehringer; Mannheim, Germany) and incubated for 10 min at 37'C. The cells were harvested by washing the vessels with 10 ml of Medium 199 (M199) (Gibco; Paisley, UK) supplemented with 20% fetal bovine serum (FBS; Gibco), centrifuged at 630 x g, re-suspended in complete tissue culture medium Ml99 (15) supplemented with 20% FBS, 100 pg/ml endothelial cell growth supplement (ECGS) (Sigma; St Louis, MO), 100 pglml heparin (Sigma), and penicillin-streptomycin solution (50 U and 50 pglml; Gibco) and seeded into gelatin-coated wells (Falcon 24-weU multidish) (Becton-Dickinson; Lincoln Park, NJ). The cells were kept at 37'C in a humidified atmosphere of 95 % air and 5 % CO2 . Arterial and venous ECs were also obtained from bovine mesenteric vessels by collagenase treatment and cultured under the same conditions. At confluence, the cells were trypsinized and split in a 1:2 ratio. Cell cultures were routinely utilized for histochemistry at the first passage in a pre-confluent state (incomplete monolayer of elongated cells), since some enzyme activities (19) are enhanced during the exponential phase of growth. Whenever first-passage ECs were negative for a given enzymatic activity, the assay was repeated in primary cultures. Staining of cell cultures was performed directly in tissue culture wells after extensive washing with serum-free PBS to remove possible interfering substances contained in FBS.
Identification of Endothelial Cells
ECs were identified by morphological criteria, i.e., typical "cobblestone" appearance at confluence under a Zeiss IM 35 phase-contrast microscope (11) . The presence of Factor VI11 RA has become an accepted EC marker. The cells were fixed with methanol, incubated with normal serum, and then with rabbit antiserum to Factor VI11 RA (15) (Dako; Carpinteria, CA). The reaction was revealed by an immunoperoxidase method using the Vectastain ABC system (Vector Laboratories; Burlingame, CA). Positive controls were bovine aortic ECs; negative controls consisted of Factor VI11 RA staining of bovine aortic smooth muscle cells, omission of anti-Factor VI11 RA antiserum, and its substitution with PBS. ECs are known to metabolize acetylated low-density lipoproteins (Ac-LDLs) at an accelerated rate compared with other cell types. Cell uptake of Ac-LDLs labeled with the fluorescent probe l,l'-dioctadecyl-1-3,3,3'3'-tetramethyl-indocar~anine perchlorate (DiI-Ac-LDL) (Biomedical Technologies; Stoughton. MA) was accomplished as described by Voyta et al. (16) . The cells were visualized with a Zeiss Axioplan microscope using standard rhodamine excitation-emission filters. Smooth muscle cells were utilized as negative control.
Cytochemistry
Lymphatic, arterial, and venous ECs in culture were compared in all cytochemical studies with the endothelium of bovine mesenteric lymphatic collectors, arteries, and veins, to detect any variation in enzyme activities under cell culture conditions. Throughout the text the term "endothelium" refers to vessel segments, whereas the term "EC" refers to cell cultures. Alkaline Phosphatase. The samples were fixed with 1.5 % glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2, for 2 min at 4'C, washed, and kept overnight at 4°C in the same buffer containing 7.5% sucrose. They were then incubated for 30 min at 37°C in a medium containing 8 mM sodium-P-glycerophosphate, 5 mM MgCl2, an activator of the enzyme, 3.6 mM lead nitrate as capture agent, 7.5% sucrose. and 40 mM Bis-HCl buffer, pH 9.5, and then immersed in an aqueous solution of 1% ammonium sulfide for 3 min (21) . Controls were performed by (a) omission of the substrate, (b) addition to the reaction medium of 50 mM levamisole as specific inhibitor of the enzyme, (c) heat inactiwtion ofthe enzyme by pre-incubation of the samples for 60 min at 60'C. or (d) use of apH 7.2 reaction medium. Careful rinsing in distilled water and then in cacodylate buffer before postfixation in 1% os04 for 1 hr at 4'C was necessary to avoid precipitates.
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Adenylate Cydase. Since AC has a very low basal activity, most fixatives are unsuitable for good preservation of both cell structures and enzyme activity (22) . We chose 0.25% glutaraldehyde-2% formaldehyde in 0.1 M cacodylate buffer, pH 7.4 with 8% sucrose as fixative (23) . All samples were fixed for 10 min at 4°C. Fukushima's incubation medium was modified by using cerium as capture agent instead of lead citrate, as follows: 80 mM Tris-maleate buffer, pH 8.5, 8% sucrose, 1 mM adenylylimidodiphosphate (AMP-PNP) (Boehringer) as substrate, and 3 mM CeCI3. The medium also contained 2 mM MgS04 and 5% dimethylsulfoxide as activators, 1 mM DL-dithiothreitol (Sigma) not only to activate AC and to protect the enzyme from heavy metal inhibition but also to inhibit possible interfering enzymes such as ATP pyrophosphatase, 2 mM levamisole (Sigma) to inhibit alkaline phosphatase, 2 mM 3-isobutyl-l-methy+thine (IBMX) (Sigma) to inhibit phosphodiesterase, and 5 mM aminophylline (Sigma) as inhibitor of other interfering enzyme activities (alkaline phosphatase and cyclic nucleotide phosphodiesterase). Controls were obtained by omission of the substrate. The incubation was carried out for 60 min at 37°C. Post-fixation in 1% os04 was reduced to 10 min at 4'C to avoid loss of reaction product (24) .
Guanylate Cyclase. Like AC, GC also has a very low basal activity. Preincubation for 20 min at RT was therefore performed to activate the enzyme before fmtion. The preincubation medium contained 8% sucrose, 5 mM L-cysteine (Sigma), and 10 mM MgC12 to activate the enzyme, 5 mM aminophylline to inhibit alkaline phosphatase, and cyclic nucleotide phosphodiesterase, 3 mM dithiothreitol to inhibit ATP pyrophosphatase, all in 80 mM Xis-maleate buffer, pH 7.8 (25) . The samples were then briefly fixed for 10 min at 4'C with 3% freshly prepared formaldehyde-0.25% glutaraldehyde in Tris-maleate buffer. All samples were then washed and incubated for 30 min at 37'C in the incubation medium, which consisted of 80 mM Tris-maleate buffer, pH 7.8, 8% sucrose, 0.005% Triton X-100 to permeabilize cells, 1 mM guanylyl imidodiphosphate (GMP-PNP) (Boehringer), the synthetic GTP analogue, as substrate, 2 mM CeCI3 as capture agent, 10 mM MgC12, and 5 mM aminophylline. Controls were obtained by omission of the substrate. The samples were then fixed in 2% glutaraldehyde in the same buffer for 1 hr at 4'C. washed, and post-fixed in 1% os04 for 30 min at 4'c.
Electron Microscopy
The samples were dehydrated in ethanol and embedded in Epon 812. Unstained ultra-thin sections were observed under a Philips 201 electron microscope operating at 60 kV.
Results
Cell Caltares
All EC cultures reached confluence 10-15 days after plating. At this time the cells, which were elongated during the exponential growth phase, became polygonal, with typical "cobblestone" appearance and contact inhibition.
Arterial, venous, and lymphatic ECs in culture stained positively for Factor VI11 RA and for DiI-Ac-LDL, thus confirming their endothelial origin.
Cytochemistry
Cytochemical results are summarized in Table 1. 5'-Nucleotidase. Our results on the distribution of 5'Nase in bovine mesenteric lymphatic collectors and blood vessels are in agreement with those obtained by other authors with microvessels of Table 1 rodents. Both arterial and venous endothelium were consistently negative for 5'Nase ( Figure Ib) , whereas the endothelium of lymphatic collectors stained weakly but positively (Figure la) . The reaction product was visible as granular electron-dense precipitates on the outer surface of the plasmalemma and in the underlying pinocytotic vesicles and vacuoles. The reaction was not inhibited by addition of levamisole to the incubation medium, suggesting that the activity tested was indeed 5'Nase and not aspecific phosphatases. The reaction product was never observed in controls, whether obtained by omission of the substrate or by addition to the incubation medium of the specific inhibitor of 5'Nase, NiC12, or by heat inactivation of the enzyme.
. Enzyme activities of vessel segment endothelium and of corresponding endothelial cells in cultur8
The weak enzymatic activity of 5'Nase was completely lost in lymphatic collector ECs as early as in primary culture. Arterial and venous ECs were negative in culture as they were in tissue.
Alkaline Phosphatase. The endothelium of all blood and lymphatic vessel segments examined by transmission electron microscopy, stained positively for ALPase ( Figure 2) . The reaction product was visible as coarse, dense granules localized mainly on the luminal membrane and in adjacent pinocytotic vesicles and vacuoles, but occasionally also on the membranes of rough endoplasmic reticulum and Golgi apparatus and on the nuclear envelope.
The reaction was more intense in blood (Figure 2a ) than in lymphatic (Figure 2b ) endothelium. All EC cultures, blood ( Figure  2c ) and lymphatic (Figure 2d ), stained equally positively for this enzyme activity. The reaction product was distributed on the cell membrane exposed to the tissue culture medium and in adjacent pinocytotic vesicles. At times it was also found in rough endoplasmic reticulum (Figure 2c ) or Golgi apparatus, probably depending on the functional state of the cell. Heat inactivation of the enzyme, the use of lower pH 7.2, omission of the substrate, or addition to the incubation medium of levamisole completely inhibited the reaction.
Adenylate Cyclase. In arterial endothelium, cerium phosphate crystals were evenly distributed on the luminal membrane and in some of the closest pinocytotic vesicles (Figure 3a) . Venous endothelium also stained positively but less strongly for AC. We failed to detect any AC activity on the endothelium of lymphatic collectors (Figure 3b) .
The reaction was not inhibited by addition of levamisole, IBMX, or aminophylline, thus excluding other interfering enzyme activities such as ALPase, phosphodiesterase, and cyclic nucleotide phosphodiesterase, respectively. On the other hand, it was completely abolished by omission of the specific substrate AMP-PNP.
No AC activity was found in arterial, venous, or lymphatic ECs in culture.
Guanylate Cyclase. GC activity, like that of AC, was distributed on the luminal plasma membrane and in adjacent pinocytotic vesicles of arterial ( Figure 4a ) and venous, but not lymphatic ( Figure  4b ), endothelium. Even if this enzyme activity has been reported in the cytosol, we never found it in the cytoplasm despite Triton permeabilization of the cell membranes.
Venous and lymphatic ECs in culture were negative, but arterial ECs in culture sometimes showed weak positivity to the reaction. In these cells, dense precipitates of cerium phosphate were not uni- formly distributed on the plasma membrane, and only a fcw pinocytotic vesicles were positive.
Pre-incubation with aminophylline to inhibit ALPasc and cyclic nucleotide phosphodiesterase and with dithiothrcitol to inhibit ATP pyrophosphatase confirmed the specificity of the GC reaction. Omission of the specific substrate, GMP-PNP completely abolished the reaction.
Discussion
Under the light microscope, it is difficult not only to identify lymphatic capillaries but also to distinguish between a lymphatic vcs-se1 and a vein of the same size. especially in visceral regions. Both lymphatic vessels and veins have valves. the muscle layer may be irregular or evcn absent. and the lumen content may be mislcading: some red blood cells may, in fact, penetrate the lymphatic at the time of drawing. Since histochemical and cytochemical techniques have been widely employed in the differentiation of blood and lymphatic microvcssels. this cytochemical study was undertaken to determine whether the same enzyme activities are also present in large vessels and whether they are retained in tissue culture.
5'Nase is a well-established marker for lymphatic microvessels. This enzyme activity was also found in the endothelium of lymphatic collectors. but not of arteries and veins. 5'Nase is therefore characteristic not only of the endothelium of lymphatic microvcsscls but also of lymphatic collectors.
On the other hand, ALPase. which had been regarded as a spccific marker for the endothelium of blood microvessels. was detected in the endothelium of all the large vessels tested: bovine mesenteric arteries, veins and, to a lesser extent. lymphatic collcctors. Possible explanations for the discrepancy between our data and the literature include species specificity [rat (26). mouse (3). and monkey ( 5 ) vs bovine]. and organ specificity [pharynx (26). tongue (3) . and small intestine ( 5 ) vs mesentery]. However. it may also be due to differences between micro-and macrovessels. It is well known that blood endothelial cells of large and small vessels differ in tissue culture requirements (18), and thcsc difference probably reflect different metabolic activities (27). Enzyme activities may therefore be differently represented in micro-and macrovcssels. Since Kato has studied the distribution of ALPase only by light microscopy, it is important to check whether this enzyme activity can be detected in lymphatic microvessels by transmission electron microscopy.
The positive staining for AC of blood but not lymphatic endothelium is in contrast with the data of Nishida and Ohkuma (7). who found AC in lymphatic but not in blood microvessels of human foreskin. This difference may be due to organ and species specificity. to the type of vessels assayed (large M small as discussed The basement membrane (arrows) of lymphatic endothelium is characteristically discontinuous. The negative sample shown in b was stained with uranyl acetate and lead citrate to enable focusing. Bars = 0.5 wm. above), or to the use of different techniques. Our data, however. are in agreement with those of Vorbrodt et al. (9) . who found AC activity in the choroid plexus and brain vessels of rats and mice.
GC activity was distributed in a similar manner to AC activity on the endothelium of blood vcsscls. in agreement with the histochemical and biochemical results of Karnushina et al. (10) in rat brain capillaries and at variance with Ohkuma and Nishida's data on human foreskin capillaries (8).
The reason for the different expressions of these enzyme activities by lymphatic and blood ECs is not known. Blood vessel cndothclial cell functions are predominantly directed to provide a thromborcsistant surface and to regulate Mscular tone and interactions with blood elements. The main function of ECs of initial lymphatic vessels. on the other hand, is to drain interstitial fluids and macromolecules escaping from the circulation so that they can eventually return to the bloodstream. At present we havc no hypothais to correlate the expression of different cytochemical markers with the different functional activities of these cells. Studies on the expression of these enzymes by E G in culture might help to elucidate these phenomena.
In our experiments. only ALPase was consistently retiined by ECs in vitro, whereas both S'Nase for lymphatic ECs and AC and GC for blood EG were lost in culture. Culture conditions may, of course. affect the expression of these enzyme activities: cell dedifferentiation after prolonged culture may induce enzyme activity loss. To test this possibility, we have utilized primary culture ECs and these cclls'also failed to express AC and GC activity. E G in culture may contain these enzyme activities at levels much lower than intact vessels and possibly not detectable by cytochemical methods. Inactivation of AC and GC is unlikely to havc bcen caused by fixation conditions, since IO-min fixation before incubation in the presence of substrates did not alter the expression of these cnzymc activities in the cndothclium of vessel segments.
In conclusion, under our experimental conditions, only 5'Nase was found to be a specific marker of lymphatic endothelium in both micro-and macrovesscls. ALPasc was found not only in arterial and venous but also in lymphatic collector endothelium. We propose AC and GC, instead of ALPasc, as markers for large blood vessel endothelium,
